Context. A discrepancy exists between the abundance of ammonia (NH 3 ) derived previously for the circumstellar envelope (CSE) of IRC+10216 from far-IR submillimeter rotational lines and that inferred from radio inversion or mid-infrared (MIR) absorption transitions. Aims. To address the discrepancy described above, new high-resolution far-infrared (FIR) observations of both ortho-and para-NH 3 transitions toward IRC+10216 were obtained with Herschel, with the goal of determining the ammonia abundance and constraining the distribution of NH 3 in the envelope of IRC+10216. Methods. We used the Heterodyne Instrument for the Far Infrared (HIFI) on board Herschel to observe all rotational transitions up to the J = 3 level (three ortho-and six para-NH 3 lines). We conducted non-LTE multilevel radiative transfer modelling, including the effects of near-infrared (NIR) radiative pumping through vibrational transitions. The computed emission line profiles are compared with the new HIFI data, the radio inversion transitions, and the MIR absorption lines in the ν 2 band taken from the literature. Results. We found that NIR pumping is of key importance for understanding the excitation of rotational levels of NH 3 . The derived NH 3 abundances relative to molecular hydrogen were (2.8 ± 0.5) × 10 −8 for ortho-NH 3 and (3.2 +0.7 −0.6 ) × 10 −8 for para-NH 3 , consistent with an ortho/para ratio of 1. These values are in a rough agreement with abundances derived from the inversion transitions, as well as with the total abundance of NH 3 inferred from the MIR absorption lines. To explain the observed rotational transitions, ammonia must be formed near to the central star at a radius close to the end of the wind acceleration region, but no larger than about 20 stellar radii (1σ confidence level).
Introduction
Ammonia (NH 3 ) was the first polyatomic molecule discovered in space (Cheung et al. 1968) , and has subsequently been one of the most extensively observed molecules in the interstellar medium (Ho & Townes 1983) , with a set 23 GHz of inversion transitions that are readily detectable from many radio telescopes. Emission
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⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. HIFI is the Herschel Heterodyne Instrument for the Far Infrared. ⋆⋆ Deceased 14 January 2011 lines resulting from these transitions are widely detected in the dense parts of both dark and star-forming molecular clouds (see e.g. Harju et al. 1993; Jijina et al. 1999; Wienen et al. 2012) . Because ammonia is a symmetric top molecule, an analysis of its excitation allows the effects of temperature and density to be determined separately; as a result, the metastable lines of ammonia are often used to derive the temperature and density of dense clumps in molecular clouds. (Walmsley & Ungerechts 1983; Danby et al. 1988; Kirsanova et al. 2014) .
Ammonia has also been detected in the circumstellar envelopes of evolved stars, but has been observed less extensively in such environments than in the interstellar medium. Several absorption features in the ν 2 vibration−rotational bands around A&A proofs: manuscript no. schmidt 10 µm were detected in some asymptotic giant branch (AGB) stars, as well as in a few massive supergiants (Betz et al. 1979; McLaren & Betz 1980; Betz 1987) . At about the same time, the 1.3 cm wavelength inversion transitions of ammonia were detected from C-rich AGB and post-AGB stars (Betz 1987; Nguyen-Q-Rieu et al. 1984 .
In IRC+10216 (CW Leo), ammonia was observed for the first time by its infrared absorption lines in the ν 2 band around 10 µm (Betz et al. 1979) , and its detection in radio inversion transitions was announced shortly thereafter (Bell et al. 1980 ). In the following years, new observations of IRC+10216 were performed in both infrared absorption (Keady & Ridgway 1993; Monnier et al. 2000) and radio inversion lines (Kwok et al. 1981; Bell et al. 1982; Nguyen-Q-Rieu et al. 1984; Gong et al. 2015) .
IRC+10216 was detected in the Two-micron Sky Survey as the brightest infrared sky object at 5 µm outside the solar system (Becklin et al. 1969) , and soon its heavily obscured central star was identified as being C-rich based on the presence of strong CN absorption bands (Herbig & Zappala 1970; Miller 1970) . Presently, IRC+10216 is the best studied C-rich AGB star. About half of the molecules detected in space are seen in the envelope of this source, due to its proximity (distance, d, of 130 pc, see (Menten et al. 2012) ) and a relatively large mass loss rate ∼ 1 − 4 × 10 −5 M ⊙ yr −1 (e.g. Groenewegen et al. 1998; Truong-Bach et al. 1991) .
The development of heterodyne technology for observations in the far-infrared (FIR) enabled the first detection of the 1 0 (s)-0 0 (a) rotational transition of ortho-NH 3 by the Odin satellite toward IRC+10216 (Hasegawa et al. 2006) , which was followed by the detection of the same transition in some O-rich AGB stars and red-supergiants (Menten et al. 2010 ) by the Heterodyne Instrument for the Far Infrared (HIFI, de Graauw et al. 2010 ) on board the Herschel Space Observatory (Herschel, Pilbratt et al. 2010) . Furthermore, by fully exploiting the capabilities of the HIFI instrument, we were able to observe all nine rotational transitions up to the J = 3 levels of ortho-and para-NH 3 (this paper) in the envelope of IRC+10216.
There is a clear discrepancy between the estimated amount of para-NH 3 relative to molecular hydrogen in IRC+10216 derived from radio inversion lines (3 × 10 −8 ; Kwok et al. 1981 ) and that of ortho-NH 3 derived from its lowest rotational line (about 10 −6 ; Hasegawa et al. 2006) . Nevertheless, both values, which lie within the range of ammonia abundances observed towards other C-rich and O-rich stars, and cannot be explained by standard chemical models (see discussion in Menten et al. 2010) . However, the chemical model presented recently by Decin et al. (2010) seems able to reproduce the high abundance of ammonia observed in IRC+10216 (see their Fig. 3 ). Their model, constructed with the aim of explaining the presence of water vapour in the envelope of this C-rich star, assumes a clumpy envelope structure, where a fraction of the interstellar UV photons is able to penetrate deep into the envelope and dissociate mostly 13 CO, providing oxygen for O-rich chemistry in the inner warm parts of a C-rich circumstellar envelope. On the other hand, Neufeld et al. (2013) have suggested, on the basis of H 2 O isotopic ratios, that a recent model invoking shock chemistry (Cherchneff 2012) may provide a more successful explanation for the presence of water in envelopes of C-rich stars. However, this model does not provide information on the ammonia formation.
In this paper we present new Herschel/HIFI observations of nine rotational transitions of NH 3 (three ortho and six para lines), eight of which have been detected for the first time, and an analysis of their implications with the use of detailed modelling. The observations and data reduction are presented in Section 2. Section 3 is devoted to the description of the molecular structure of ammonia, while Section 4 presents details of the modelling procedure and the best fits found for all rotational transitions. In Section 5 we discuss the results thereby obtained and their consequences. Finally, a summary of this study is presented in Section 6.
Observations
Observations of IRC+10216 were carried out with the Herschel/HIFI instrument as part of the HIFISTARS Guaranteed Time Key Program (Proposal Id: KPGT_vbujarra_1; PI: V. Bujarrabal); in addition, a spectral line survey has been carried out for this object (Proposal Id: GT1_jcernich_4; PI: J. Cernicharo). The observed rotational lines of ortho-and para-NH 3 are listed in Table 1 and indicated in Fig. 1 , which shows the diagram of the lowest rotational levels of ammonia. For each observed transition, Table 1 gives the line identification, its frequency in GHz, the corresponding HIFI band, the energy of the upper level in K, the Herschel OBServation ID, the date of the observation, the optical phase (φ) of the observation (counted from the reference maximum phase of the light curve, φ=0, on Julian date JD=2454554 with an assumed period of 630 days (Menten et al. 2012) ), the half power beam width (HPBW) of the Herschel telescope at the observed frequency, the main beam efficiency η mb , the integrated flux in K km s −1 with its estimated uncertainty, and the observing mode: single tuning or spectral scan. In this paper, we analyse wide band spectrometer (WBS) data only.
The HIFI observations of IRC+10216 were reduced with the latest version of HIPE (13.0) with data processed with Standard Product Generator (SPG) version 13.0.0. The data were processed using the HIPE pipeline to Level 2, which was set to provide intensities expressed as the main beam temperature. Main beam efficiencies were taken from the recent measurements by Mueller et al. 2014 1 . They differ by up to 20 % from the older determinations by Roelfsema et al. (2012) . Frequencies are always given in the frame of the local standard of rest (LSR). (c) counted from the reference maximum phase of the light curve, φ=0 on Julian date JD=2454554, and period of 630 days (Menten et al. 2012 ).
The statistical uncertainties in the integrated line fluxes, as derived formally from the r.m.s. noise in the spectra (see below) are relatively small, while it is known that systematic uncertainties in the HIFI flux calibration are much larger (Roelfsema et al. 2012) . Therefore, somewhat arbitrarily, we have assumed a 5% uncertainty in the integrated line flux for lines observed in Band 1b, a 10% uncertainty for lines in bands 5a and 7a, and a 50% uncertainty for lines in band 7b. However, since two of the lines observed in band 7a are blended (see below), we increased the assumed uncertainty in their integrated flux from 10 to 15%. The method used to deconvolve line blends and to derive individual line fluxes is described in Sect. 2.2. The observed line profiles are shown by the solid lines in Figure 2 .
Single point observations
The HIFISTARS observations were all performed in the dual beam switch (DBS) mode. In this mode, the HIFI internal steering mirror chops between the source position and two positions located 3 ′ on either side of the science target. There are two entries in Table 1 for the ground-state transition 1 0 (s)-0 0 (a) of ortho-NH 3 , since these two observations were made with slightly shifted local oscillator frequencies. This procedure was adopted to confirm the assignment of any observed spectral feature to either the upper or lower sideband of the HIFI receivers (Neufeld et al. 2010) . The resultant spectra were co-added since no contamination was found to originate from the other side band. Spectra obtained for the horizontal (H) and vertical (V) polarizations were found to be very similar (differences smaller than 5 %) and were co-added too. After resampling to a channel width of 1 km s −1 , the final baseline r.m.s. noise in the coadded spectra was 6 mK in band 1b and 40 mK in band 7a.
Spectral scan observations
We made use of data from the full spectral scan of IRC+10216 (GT1_jcernich_4 by Cernicharo et al., in preparation) to obtain measurements of five additional transitions of ammonia observed in two bands, 5a and 7b (see Table 1 ). The spectral scan observing mode allows for the unique reconstruction of the single-sideband spectrum in a wide spectral range at the price of significantly lower signal-to-noise ratio. Spectral scan observations were also made in dual beam switch mode with fast chop. Both the spectral resolution and signal-to-noise ratio are lower for these observations than for the single point ones. Lines observed in the scan mode were deconvolved to obtain a singlesideband spectrum. To reduce the noise in the profiles, the final spectra were resampled to 1 km s −1 in band 5a and 2 km s −1 in band 7b. The final r.m.s noise in the resampled spectra was 125 mK and 200 mK in bands 5a and 7b, respectively.
The para-NH 3 transition 3 1 (s)-2 1 (a) at 1763.601 GHz (middle panel) overlaps the ortho-NH 3 transition 3 0 (s)-2 0 (a) at 1763.524 GHz (upper left panel). Therefore, the shape of the former line was approximated in its blueshifted part using, as a template, a properly rescaled profile of the para-NH 3 3 2 (s)-2 2 (a) emission line (middle right panel), which was observed with the same beam size and has a similar excitation. The line profile of the ortho-NH 3 transition 3 0 (s)-2 0 (a) was then obtained by subtracting the derived para-NH 3 3 1 (s)-2 1 (a) line emission. The resulting profiles are shown by dot-dashed lines in Fig. 2. 
Other observations
To verify our best fit models, we used radio and mid-infrared data for ammonia available from the literature. In this paper, we exploited radio data from Gong et al. (2015) , who recently observed five metastable inversion transitions (J, K) = (1,1), (2,2), (3,3), (4,4), (6,6) of ortho-and para-ammonia in a 1.3 cm line survey toward IRC+10216. The dates of those observations correspond to phases, φ, from about ∼0.62 to ∼0.97 (Gong et al. 2015) . The half power beam width amounts to 40 ′′ at the frequency of the inversion lines (about 24 GHz) for observations with the Effelsberg 100 m radio telescope (Gong et al. 2015) . Flux densities, S ν in Jy, were converted to main beam temperature T mb , in K, using the conversion factors suggested by the authors: T mb /S ν = 1.33 K/Jy for the (6,6) line at 25 GHz and T mb /S ν = 1.5 K/Jy for the remaining lines.
By way of comparison with the mid-infrared absorptions of ammonia, we used profiles of the ν 2 transitions published by Keady & Ridgway (1993) that were observed at a spectral resolution of 0.009 cm −1 (corresponding to 2.9 km s −1 ) with the Fourier Transform Spectrometer at the Coudé focus of the 3.8 m Kitt Peak Mayall telescope. Observations of absorption from the metastable rotational levels within the ground vibrational level of ortho-and para-ammonia, aR(0, 0), aQ(2, 2), aQ(3, 3), aQ(4, 4), aQ(6, 6) were also used for comparison with the results of our modelling. Formally, from the aperture of the telescope, we can estimate the HPBW to be 0 ′′ . 67, using the expression 1.22 × λ/D, A&A proofs: manuscript no. schmidt where λ is wavelength and D is diameter of the telescope aperture. However, taking into account all instrumental effects, we estimate that the HPBW, in this case, could be as large as 1 ′′ .
Ammonia model
Different relative orientations of the spins of the three hydrogen nuclei give rise to two distinct species of NH 3 : ortho and para. The general criterion governing which levels belong to orthoand which to para-ammonia is formulated in terms of representations of the molecular symmetry group (see Bunker & Jensen 1998) . According to this formalism, ortho states belong to the A 2 ' and A 2 " representations of the inversional symmetry group D 3h , and para states to the E' and E" representations. For the electronic ground state of ammonia, this translates into the rule that ortho-NH 3 has levels with K = 3n, where n = 0, 1,.., and para-NH 3 has all other levels. The two species do not interact either radiatively or collisionally. The ortho-to para-NH 3 ratio is determined at the moment of the formation of the molecule. Hence, we consider ortho-and para-ammonia as separate molecular species. Transitions of the two species whose frequencies overlap, such as the ortho-NH 3 3 0 (s)-2 0 (a) transition and the para-NH 3 3 1 (s)-2 1 (a) transition, open the possibility of an interaction through the emission and absorption of line photons. This is considered further in the discussion below. Ammonia may oscillate in six vibrational modes: the symmetric stretch ν 1 , symmetric bend ν 2 , doubly-degenerate asymmetric stretch ν l 3 3 , and the doubly-degenerate asymmetric bend ν l 4 4 . Transitions from the ground vibrational state to each of these excited states are observed as vibrational bands at 3, 10, 2.9, and 6 µm, respectively. The band intensities are characterized by the vibrational transition moments 0.027, 0.24, 0.018, and 0.083, respectively (Yurchenko et al. 2011) . As long as we consider only the lowest excited vibrational modes, the rule governing the assignment of levels of given K to the ortho and para species, discussed above for the ground state, is preserved for the rotational levels of the symmetric modes and exchanged for the asymmetric ones.
The vibrational ground state of ammonia is split into two states of opposite parities, a consequence of the low energy barrier to inversion of the molecule. Symmetry considerations exclude half of the rotational levels for the K = 0 ladder. Only transitions with ∆K = 0 are electric dipole-allowed. As a result, there is a characteristic doubling of rotational transitions allowed between levels of opposite parities for transitions with K 0. Forbidden transitions (∆K 0) are significantly weaker. Transitions between split sub-levels are allowed as well and give rise to a large number of lines around 23-25 GHz, the so called inversion lines. Their hyperfine structure (hfs) splitting may be neglected in the rotational and vibrational transitions but does influence the line profiles for inversion lines although for IRC+10216, the maximal spread of the hfs components is smaller than the CSE's expansion velocity. Moreover, the intensities of hfs satellite features relative to that of the main feature (at the central frequency) only become appreciable if an inversion transition (with possible exception of the (1,1) transition) attains significant optical depth.
The list of transitions and their strengths was extracted from the recent BYTe computations (Yurchenko et al. 2011) . In the initial analysis, we extended the sets of molecular data for orthoand para-NH 3 compiled in the LAMDA database (Schöier et al. 2005 ) by adding energy levels for the excited vibrational states. Two data sets were explored, the first one with only the ν 2 =1 levels, and the second one with ν 1 =1, ν 2 =1 and 2, ν 3 =1, and ν 4 =1 levels. The rotational quantum numbers of the vibrational levels were limited to those originally used in the ground state, i.e. J, K ≤7,7 in ortho-and J, K ≤5,6 in para-ammonia. Both dipole (∆K = 0) and forbidden (∆K 0) transitions between the levels were included.
We found that the inclusion of the ν 2 =1 rovibrational states has a dramatic effect on the flux predicted for the observed pure rotational transitions, when compared with predictions obtained without the inclusion of vibrationally excited states. However, the additional inclusion of the ν 1 =1, ν 2 =2,ν 3 =1, and ν 4 =1 vibrational states has a negligible effect on the computed fluxes for the observed transitions, a maximum increase of only 2 percent being obtained for the flux of the ground rotational transition of ortho-NH 3 with even smaller increases for the remaining emission lines. This conclusion, which is based on a model of a molecular structure limited to rotational levels up to J = 7 in each vibrational state, is explained by the fact that the vibrational transition moments to the symmetric bending state are significantly higher than those to the remaining vibrational states. In fact, the radiative pumping rate in the ν 2 mode dominates over radiative pumping rates in the remaining modes, even in the innermost parts of the envelope where shorter-wavelength radiation prevails. At larger distances from the star, dust opacity decreases the photon density at shorter wavelengths more effectively, further reducing the relative effect of radiative pumping in other modes. The IR pumping effects for ammonia have been investigated previously by Schöier et al. (2011) and Danilovich et al. (2014) .
Solving the radiative transfer, we do not distinguish between photons produced in the envelope and photons coming from the central star. However, by comparing the radiative rates from our best fit model with those obtained when only stellar photons are present, we were able to estimate their relative importance. Only in the inner part of the envelope is radiative excitation in the ν 2 transition dominated by the stellar photons. Very quickly, already at seven stellar radii the contribution from the envelope begins to prevail over the contribution from the central star, reaching a ratio of twenty at the outer edge.
Our final model for ammonia includes all levels up to J = 15 in both the vibrational ground state and the ν 2 =1 vibrational state, amounting to a total of 172 levels and 1579 transitions for ortho-NH 3 and 340 levels and 4434 transitions for para-NH 3 . We include the ground state and vibrational levels up to 3300 cm −1 , corresponding to 4750 K, above ground. The completeness of the levels used in the computations may be judged by comparing the partition function calculated for the model with that obtained from the full list of lines from the BYTe computations (Yurchenko et al. 2011) . With the number of levels given above, the partition function for the ortho species is equal to the BYTe number for temperatures to 300 K, and is lower by 2%, 28%, and 40%, respectively, at 600, 1000, and 1200 K. The partition function of para species is also complete up to 300 K, and is lower by 10%, 40%, and 55%, respectively, at 600, 1000, and 1200 K. The incompleteness in the levels may result in an overestimate of their populations in the dense and hot inner parts of the envelope.
We adopted the collisional rate coefficients from Danby et al. (1988) . The rate coefficients for collisional de-excitation are available only for low-lying levels below J = 6 and for a maximum temperature of 300 K. Collisional rates were extrapolated to higher temperatures with a scaling proportional to the square root of the gas temperature. The extension of collisional rates to other levels is necessarily quite crude. At first we neglected collisional rates between levels not available in Danby's work. Emission profiles are overplotted with theoretical profiles (red dashed lines) from our best fit models computed separately for each ammonia spin isomer. The effect of line overlapping in case of the two blends is shown with blue dashed lines. The theoretical profiles for the three lines that were observed at phase φ = 0.13 (see Table 1 ) are rescaled up to mimic computations at phase φ = 0.23 (see Sect 4.5 for details). Our approach in searching for the best fit is described in Sect. 4.5, and the best fitting parameters are compiled in Table 2 .
In this case, the ladder of levels with K higher than 6 in orthoammonia and higher than 5 in para-ammonia are populated only by forbidden radiative transitions. To analyse the influence of the unknown collisional rates on the excitation of NH 3 , we carried out additional computations based on crude estimates of the collisional rates; here, we adopted collisional depopulation rates of 10 −11 or 10 −10 cm 3 s −1 for rotational states in the ground vibrational state, and rates of 10 −14 cm 3 s −1 for excited vibrational states. None of these approximations seem to significantly influence our conclusions inferred from the modelling of the observed transitions.
Modelling
Here, we present our numerical code and then describe all the assumptions made and parameters investigated during our search for the best fits to the observed rotational transitions of ammonia. After that, we describe the method used to search for the best fit to the data, and present the results thereby obtained.
Numerical code and procedures
To model circumstellar absorption and emission lines, we developed a numerical code, MOLEXCSE (Molecular Line EXcitation in CircumStelar Envelopes), to solve the non-LTE radiative transfer of molecular lines and the dust continuum. Here, the methodology was to consistently include the effects of optical pumping by the central star and infrared pumping by circumstellar dust upon the population of the molecular levels. The first effect is more critical in the case of post-AGB stars, and the second one more important in AGB stars (see e.g. Truong-Bach et al. 1987) . The effect of the dust on the radiation intensity inside the envelope is included by solving the radiative transfer for the line and continuum radiation. For this purpose, the critical properties of the dust -the coefficients of extinction, scattering, and thermal emission -are determined by a separate code by modelling the observed spectral energy distribution of the source, as described in Section 4.4. Reproducing the observed continuum fluxes allows the absorption line profiles for mid-infrared vibrational transitions to be computed.
The radiative transfer equation is formulated in the comoving frame (Mihalas et al. 1975 ) to include the effects of an expanding spherical shell. The only difference is the linearization of the differential equations along tangent rays on a geometrical grid instead of on grid of optical depths. The purpose of this modification was to avoid numerical problems when maser or laser transitions emerge during the iterations.
The simultaneous solution of the statistical equilibrium equations and of the radiative transfer in lines is a non-linear process and, to be efficient, requires linearization of the equations. Full A&A proofs: manuscript no. schmidt linearization of the radiative transfer equation is very complex and its solution is time-consuming. In the code we follow the approach presented by Schoenberg & Hempe (1986) . The original formulation of their approximate Newton-Raphson operator was modified to include the geometrical formulation of radiative transfer mentioned above.
The program possesses two additional features useful in the application to ammonia. First, it enables the simultaneous solution of the radiative transfer problem for more than one molecule. Second, the radiative transfer may be solved with the inclusion of line overlap effects between different molecules. With these features, one can consistently compute the effects of line blending between ortho-and para-NH 3 . The prominent example of such a case is the overlap between rotational transitions of para-NH 3 3 1 (s)-2 1 (a) and of ortho-NH 3 3 0 (s)-2 0 (a).
In computing the profiles of the inversion lines, we resolved the hyperfine structure of ammonia, including the effects of quadrupole and magnetic splitting, as measured by Kukolich (1967) and updated by Rydbeck et al. (1977) . Line strengths were computed when necessary using the formula given by Thaddeus et al. (1964) . These theoretical line strengths are in good agreement with the observed intensities both in laboratory experiments (Kukolich 1967 ) and in observations of molecular clouds (Rydbeck et al. 1977) . The magnetic splitting is much smaller than the quadrupole splitting and has little effect on the line profiles and therefore was neglected in our computations. When solving the radiative transfer, the populations of the sublevels are distributed according to the statistical weights, i.e. assuming local thermodynamical equilibrium (LTE) between sublevels. The relative LTE ratios of intensities as defined by Osorio et al. (2009) were applied including effects of line overlap. The code has been tested by comparison with previously published models of AGB circumstellar envelopes. A detailed description of our code and the tests we conducted will be published elsewhere.
Thermal and density structure of the envelope
The detailed structure of IRC+10216's envelope has been the subject of many studies. We mention here only those based on the analysis of CO emission lines (Crosas & Menten 1997; Schöier et al. 2002; Agúndez et al. 2012; De Beck et al. 2012) or the spectral energy distribution (e.g. Men'shchikov et al. 2001) .
Several models for the thermal structure have been proposed to explain the CO emissions from IRC+10216. These models differ in the assumed distance, mass loss rate and variation of gas velocity in the inner parts of the envelope. For the purpose of this paper, we have chosen, for the basic temperature structure of the envelope, the model of Crosas & Menten (1997) , but with the distance reduced from 150 to 130 pc following Groenewegen et al. (2012) (see also Menten et al. 2012 ). The gas temperature structure of Crosas & Menten (1997) is based on self-consistent computations of the temperature structure and radiative transfer in CO, constrained by observations of CO emissions up to J = 6 − 5. The adopted distance, expansion velocity and mass loss rate are listed in Table 2 and the gas temperature structure, T gas , is presented in the upper panel of Figure 3 by the solid line. The temperature profile has been extended to the inner part of the envelope by assuming a constant value of 1200 K. More recently, De Beck et al. (2012) used the GASTRoNOoM model (Decin et al. 2006; to derive the gas temperature structure shown by the dashed line in the upper panel of Figure 3 , and found it capable of explaining HIFI observations of CO up to J = 16 − 15. resentative T gas models to have distinct temperature structures, which differ mainly in the middle part of the envelope. The density structure of the envelope is computed from the equation of mass conservation, assuming that the gas is entirely composed of molecular hydrogen and that the mass loss rate and outflow velocity are constant. The microturbulent velocity was set to be constant throughout the envelope and equal to 1.0 km s −1 (Crosas & Menten 1997) . In fact this value seems to explain the observed shape of the lowest ortho-NH 3 1 0 (s)-0 0 (a) emission well.
Distribution of ammonia
The distribution of ammonia in the circumstellar envelope is governed by the poorly-understood process of ammonia formation, and the well-understood process of its photodissociation in the outer part of the envelope. A detailed chemical model predicting the formation of ammonia and water as a result of photoprocesses in IRC+10216 was proposed by Agúndez et al. (2010) (see also Decin et al. (2010) ). This model predicts peak abundances of ammonia within the observed values but, as we show below, in its present version cannot explain the observed intensities of the rotational transitions.
For the purpose of this paper, we assumed that in the middle parts of the envelope the maximum abundance of ammonia relative to H 2 , f 0 , is constant, while in the inner and outer layers it is increasing and decreasing, respectively. To distinguish between ortho-and para-ammonia, their individual abundances are further designated f (ortho-NH 3 ) and f (para-NH 3 ). The abundance profile adopted for the ammonia in the inner layers is based on the model of Decin et al. (2010) increase of its abundance in the inner parts of the envelope by two free parameters: the formation radius, R f , and f 0 . To describe the increase in the ammonia abundance in the inner envelope, we used a fit to the predictions of Decin et al. (2010) of the form f (r) = f 0 × 10
3 , where r is radial distance from the central star. This parametrization, despite its theoretical origin, is a more realistic description of the ammonia distribution than a rather unphysical sharp increase of the ammonia abundance at a fixed radius. We note that R f may be formally lower than the inner dust shell radius. To describe the decrease in the ammonia abundance near the photodissociation radius, R ph , in the outer layers of the envelope, we used the analytical parametrization f (r) = f 0 × exp(−ln2(r/R ph ) α ), which is frequently used in a parametrization of CO photodissociation (see e.g. Schöier & Olofsson 2001) . A slope α = 3.2 was adopted here, in accord with the fit to a detailed chemical model of NH 3 photodissociation computed using the CSENV code by Mamon et al. (1988) . The ortho-and para-ammonia abundances, the inner radius of ammonia formation, R f , and its photodissociation radius, R ph , are free parameters in the fitting procedure. The distribution of ammonia from our best-fit models and from Decin et al. (2010) are shown in Fig. 3 by the solid and dashed lines, respectively.
Dust shell model of IRC+10216
As explained in Sect. 3, the excitation of ammonia is dominated by radiative pumping via the 10 µm ν 2 =1 band. Therefore, to model the ammonia lines we need to estimate the continuum flux at 10 µm inside the whole envelope. For that pur- Groenewegen et al. (2012) , the average luminosity of IRC+10216 was estimated to be about 8500 L ⊙ (Men'shchikov et al. 2001; Menten et al. 2012) .
As dust constituents, we adopted amorphous carbon of AC type from Rouleau & Martin (1991) and SiC from Pegourie (1988) , both with a power-law distribution of grain radii with an index of −3.5 between 0.1 and 0.43 µm. We assumed a maximum allowed dust temperature of 1300 K. We assumed a constant outflow velocity equal to the observed terminal velocity of 14.5 km s −1 , in spite of a clear variation of the outflowing velocity in the inner part of envelope seen in higher molecular transitions , and a constant dust mass loss rate. The derived dust mass loss rates were 1.0 × 10 −7 M ⊙ yr −1 and 3.0 × 10 −9 M ⊙ yr −1 for AC and SiC dust, respectively. The inner shell radius corresponding to the assumed maximum dust temperature is reached at a distance of about 3 stellar radii. The required total optical depth of the envelope at V is 18.5 magnitudes, which corresponds to τ 10µm equal to 0.18. The parameters of our model for ammonia in IRC+10216 are listed in Table 2 and the mean dust temperature is shown by red dashed line in Figure 3 . As is shown below, the dust temperature determines the radiation intensity in the continuum, which is important for vibrational pumping.
The fit obtained for a stellar luminosity L avg =8500 L ⊙ and an effective temperature of 2 300 K is shown in both panels of Fig.4 by the black solid line. In our modelling, we did not include MgS, which is commonly used for modelling of the 30 µm structure, since this material has no optical constants in the optical range so the precise determination of its temperature is impossi-A&A proofs: manuscript no. schmidt ble (see e.g. Szczerba et al. 1997) . However, since we are interested in the continuum emission at 10 µm, this approach seems to be justified.
Most of the ammonia lines were observed at phase φ = 0.23 (see Table 1 ), when the luminosity of the central star was close to its average value L avg =8500 L ⊙ . However, three of the lines were observed at φ ∼ 0.13 so, for the purpose of ammonia line modelling, we rescaled their observed integrated area down to φ=0.13 using the predicted variability from models obtained at maximum and at average luminosity. Since we do not have ISO spectra taken at φ=0, we cannot constrain the dust properties at the maximum stellar luminosity. Therefore, we decided to recompute our dust model by keeping all parameters (including the inner radius of dust shell) constant, except for the stellar luminosity, which was raised to L max . The model results thereby obtained are shown by dashed lines in both panels of Fig. 4 .
After modelling the dusty envelope, we exported the dust thermal emission coefficient, along with the total extinction and scattering coefficients, to the code MOLEXCSE, as a function of wavelength and radial distance. MOLEXCSE, which was described above in Sect. 4.1, was then used to solve the multilevel radiative transfer in lines and continuum. See Eq. (1) in Szczerba et al. (1997) for details concerning the exported physical quantities.
The best-fit models
Using our code described in Sect 4.1, the ammonia abundance profile given in Sect. 4.3, the model parameters specified in Table 2 , together with the gas temperature distribution from Crosas & Menten (1997) and, taking into account vibrational pumping by infrared radiation, we computed a grid of separate models for ortho-NH 3 and para-NH 3 . The grid of models was computed for formation radii R f = 2.5, 5, 10, 20, 40, and 80 R⋆, photodissociation radii R ph ranging from 1.5 × 10 16 cm to 6 × 10 16 cm in steps of ∆R ph = 0.5 × 10 16 cm, and f (ortho-NH 3 ) and f (para-NH 3 ) ranging from 1.4 10 −8 to 4.8 10 −8 in steps of ∆ f (NH 3 )= 0.2 10 −8 . For each model we defined the figure-of-merit as
where F obs i (see Table 1 ) and F th i are the observed and theoretically predicted integrated fluxes for the i-th line, respectively, σ i (see Table 1 ) is the estimated uncertainty in F obs i , and N lines is 3 for ortho-and 6 for para-NH 3 (see Fig. 2 ). Here, the three lines observed in 2011 at phase φ=0.13 were rescaled to phase φ=0.23, assuming that they vary co-sinusoidally between the maximum and average luminosity of the central star. From the computed integrated line fluxes for these stellar luminosities, we obtained the amplitude of their variations as 4.0, 3.1, and 8.2 K km s −1 for the transitions at 1763.524, 1763.601, and 1763.823 GHz, respectively. Since the value of the cosine function describing φ decreases by about 0.6 between phase 0.13 and 0.23, we reduced the integrated fluxes given in Table 1 by 0.6 times the estimated amplitude of the line variations, i.e. by 2.4, 1.9, and 5.0 K km s −1 . The quality of each fit is measured by the reduced χ 2 parameter, which for two free parameters is defined here as χ 2 red = χ 2 /(N lines − 2). We found that for R ph ≥ 3×10 16 cm, the minimum value of χ 2 red is achieved for R f = 2.5 R⋆ = 1.0 × 10 14 cm, which is the minimum formation radius possible for the assumed inner radius of the envelope considered during modelling. However, since the assumed R ph is decreased, the formation radius that minimizes χ 2 red increases (from R f = 10 R⋆ for R ph = 2.5×10 16 cm to R f = 40 R⋆ for R ph = 1.5×10 16 cm); at the same time, however, the minimum χ 2 red also increases. Hence, the value of the photodissociation radius was found by searching for the minimum χ 2 red among the models for R f = 2.5 R⋆.
The best fit to the ortho-NH 3 lines is achieved for R ph > 2 − 3 × 10 16 cm, and f (ortho-NH 3 ) = (2.8 ± 0.5) × 10 −8 at a 3 σ confidence level. There is no strong constraint on the maximum value that R ph could have. To estimate the errors, we constructed a χ 2 map for ortho-NH 3 , which is presented in the left panel of Fig. 5 , and shows how χ 2 varies as a function of the photodissociation radius R ph and f (ortho-NH 3 ) for the best-fit formation radius R f = 1.0 × 10 14 cm. The contours correspond to 1, 2, and 3 σ confidence limits. The best fit is indicated with the cross and the corresponding value of χ 2 red = 1.2 is shown on the plot. Rotational transitions of para-NH 3 are even less sensitive to the photodissociation radius, and a plot similar to that shown on left panel of Fig.5 does not yield any constraints on R ph . This behaviour could be related to the fact that at a given distance from the star the pumping mid-IR radiation is the same, while at low gas temperatures the excitation of the 1 0 (s)-0 0 (a) transition of ortho-ammonia is much more efficient than the excitation of the 2 1 (s)-1 1 (a) transition of para-ammonia (see Fig.1 ). On the other hand, the lowest para-NH 3 transition, 2 1 (s)-1 1 (a), was observed with HPBW of 18.2 ′′ , corresponding to a projected radius of 1.8×10 16 cm at the assumed distance of 130 pc; thus, for values of R ph that are larger than this projected radius, this line is less sensitive to R ph than the 1 0 (s)-0 0 (a) ortho-NH 3 transition, for which the HPBW is twice as large.
The derived abundance of para-NH 3 for the best-fit model is (3.2 +0.7 −0.6 ) × 10 −8 , which means that, to within the error bars, the ratio of ortho-to para-NH 3 is equal to 1, a ratio that is characteristic of the formation of NH 3 at high temperatures (Umemoto et al. 1999) . The average abundance for the two species is (3.0±0.6) × 10 −8 . The error estimate for the para-NH 3 abundance given above is the 3 σ confidence interval obtained from the χ 2 map for para-NH 3 , which is presented in the middle panel of Fig. 5 and shows how χ 2 varies as a function of the formation radius R f and abundance of para-NH 3 at the best-fitting photodissociation radius R ph = 3 × 10 16 cm. The meaning of the contours is the same as in the left panel. The best fit, indicated with the cross, and the corresponding χ 2 red are also shown on the plot. The minimum χ 2 red of 0.5 implies an excellent fit to the six para-NH 3 lines (with four degrees of freedom).
While the χ 2 analysis described above made use of integrated line fluxes instead of the detailed line profiles, the model successfully reproduces the line shapes. The emission line profiles resulting from the best-fit models are shown in Fig. 2 by dashed lines, and the best-fit parameters are listed in Table 2 . As indicated in Table 2 , the abundances derived for ortho-and para-NH 3 are inversely proportional to the assumed mass-loss rate; this can be understood as a consequence of the facts that the NH 3 lines are optically thin and that the derived ammonia abundance is only weakly dependent on the exact choice of the gas temperature (see below), so the same total mass of ammonia is required to explain the observations regardless of the mass-loss rate.
To check how strongly the derived best-fit parameters depend on the assumed gas temperature inside the envelope, we performed some test computations using the T gas structure from De Beck et al. (2012) . For the best fitting parameters found above and the T gas structure of De Beck et al. (2012) , we found The left panel shows the dependence of χ 2 on the photodissociation radius R ph and abundance of ortho-NH 3 , given the best fitting value for the formation radius, R f = 2.5 R ⋆ . The middle and the right panels show the dependence of χ 2 on the formation radius R f and the abundances of para-and ortho-NH 3 , given a photodissociation radius R ph = 3 10 16 cm. The contours correspond to 1, 2, and 3 σ confidence levels. The best fits are marked with a cross and the corresponding χ 2 red are shown on the plots. that the line shapes are only slightly different, but χ 2 red increases to 3.8 for ortho-and to 4.6 for para-NH 3 . Searching for the model minimizing χ 2 red , we found that the best fit is obtained for a formation radius R f =1 × 10 14 cm, a photodissociation radius R ph = 3 × 10 16 cm, and abundances of ortho-NH 3 and para-NH 3 equal to (3.0
−8 and (3.6 +0.8 −0.7 ) ×10 −8 , respectively. These values lie within the error bounds estimated using the Crosas & Menten (1997) temperature profile, implying that the abundances and photodissociation radius derived from rotational transitions are only weakly dependent on the choice of temperature profile.
Although we obtained the best-fit results based solely on rotational transitions, our model also offers predictions for the other observed transitions. Therefore to make a quality test of our best-fit models, we examined whether they can reproduce both the inversion and mid-IR transitions of ammonia.
While Gong et al. (2015) have obtained observations of the inversion transitions at several different phases (in range 0.20-0.96), our models do not predict any dependence on the integrated fluxes in the phase (i.e. luminosity) of the central star. Calculations show that the expected variation of flux in the (1,1) inversion line is up to 3 percent between phases of maximum (φ=0) and mean (φ=0.25), and is even lower in higher inversion transitions. Thus, our model computed for the average luminosity of the star can be used for comparison with the inversion line observations. Figure 6 shows the observed transitions by means of solid lines (Gong et al. 2015) and the computed theoretical profiles with dashed lines. Vertical sticks mark positions of hyperfine components -the height of the central stick is chosen arbitrary, while the heights of the other sticks are scaled according to their relative theoretical intensities. Our best-fit model for the rotational transitions fits the upper inversion transitions very well, but overestimates the flux measured for the para-NH 3 (2,2) line, and significantly overestimates that for the lowest para-NH 3 (1,1) line. We have found that decreasing R ph to 1.5×10 16 cm gives a very good fit to the all observed inversion lines (shown by dotted lines in Fig 6) . However, this model is not able to match the rotational lines as successfully as our best-fit model. Using the best-fit abundance of ortho-NH 3 and decreasing the photodissociation radius to 1.5×10 16 cm significantly increases the χ 2 red , to a value 28. On the other hand, the best-fit model with fixed R ph =1.5×10
16 cm and free formation radius and abundance of ortho-NH 3 moves R f to about 40 R ⋆ and f(ortho-NH 3 ) to 4.2×10 −8 with χ 2 red equal to 3.8. To investigate this discrepancy, we extended the search for the best-fit model by adding the inversion lines. To this purpose, we took the integrated flux from Gong et al. (2015) and converted it to K km s −1 scale. However, our theoretical fit to the inversion lines seems to suggest the presence of hyperfine components, as we describe below in Section 5.4 of discussion, at least in the case of the two lowest inversion lines, (1,1) and (2,2). Therefore, we repeated the calculation of the integrated flux of these two lines, extending the integration range accordingly. This increased the integrated flux of those two transitions up to about 20% in case the of (1,1). The integrated fluxes used for the analysis of the inversion lines for ortho-NH 3 (3,3) and (6,6) transitions are 0.47 ± 0.5 and 0.15 ± 0.03 K km s −1 , respectively, while for the para-NH 3 (1,1), (2,2), and (4,4) transitions are 0.84 ± 0.8, 0.64 ± 0.9, and 0.20 ± 0.4 K km s −1 , respectively. Now, considering simultaneously the inversion and rotational lines of para-NH 3 put a strong constraint on the photodissociation radius. For the formation radius fixed to the R f = 1.0 × 10 14 cm, we found that the photodissociation radius is R ph = (1.5 ± 0.2) × 10 16 cm and the abundance of para-NH 3 f(para-NH 3 ) = (3.2 ± 0.5)×10 −8 with χ 2 red equal to 0.86. However, the same approach for ortho-NH 3 gives rather a different estimation of the photodissociation radius, which is equal to (5 >+1.
−3. ) × 10 16 cm and the abundance of ortho-NH 3 equal to (2.4 ±0.4)×10 −8 with χ 2 red equal to 1.9. Thus, we see, that a global fit gives ortho-and para-NH 3 abundances that are quite similar (within error bars) to those obtained from the analysis limited to the rotational lines only. However, the problem of requiring different photodissociation radii for orthoand para-NH 3 remains.
The infrared transitions to the ν 2 levels are seen in absorption against the background dust continuum emission. The observed depths of lines depend on the telecope beam size. In addition, the line spectrum is smoothed by the instrumental profile. The observed ν 2 line profiles published by Keady & Ridgway (1993) and synthesized using our best-fit models are shown in Figure 7 . There is reasonable consistency between our model results (dashed line) with the observed profiles (solid line). Some disagreement with the aQ(6,6) line is most probably due to the neglect of the inner velocity structure of the envelope or to a higher value of the formation radius. 23.6945 GHz Fig. 6 . Profiles of the inversion lines as computed for the best-fit models, which assume R ph = 3 × 10 16 cm and the T gas distribution from Crosas & Menten (1997) , (blue dotted lines) are overplotted on the observed inversion transitions (solid lines) from Gong et al. (2015) . Theoretical profiles for the same T gas profile, but with the photodissociation radius reduced to R ph = 1.5 × 10 16 cm are shown with red dashed lines. Vertical sticks show positions and relative intensities of hyperfine components.
Discussion

Abundance of ammonia
Over the past 30 years, the determination of the NH 3 abundance in the envelope of IRC+10216 has been the subject of obser- Profiles of NH 3 lines in the ν 2 band observed by Keady & Ridgway (1993) (solid lines) and synthesized profiles using data from the best-fit models (dashed lines). Theoretical lines have been convolved with a Gaussian profile to achieve a spectral resolution of 2.9 km s −1 .
vational studies at radio, mid-infrared, and submillimeter wavelengths. All these observations appeared to provide divergent abundances but, as we discuss below, the main reason for the different results comes from the inclusion (or not) of radiative pumping to the vibrational levels and differences in column densities. Prior to this study, the only observation of a NH 3 rotational transition was made with the spectrograph on board the Odin satellite (Hasegawa et al. 2006) . The rather poor signalto-noise ratio obtained for the lowest 1 0 (s)-0 0 (a) transition of ortho-NH 3 did not provide a precise measurement of the line profile. The ammonia abundance relative to H 2 was determined as being 1×10 −6 , significantly above our determination, f (ortho-NH 3 )=2.8 × 10 −8 . However, the analysis of the line was based on a simplified model of a single K = 0 ladder, limited to the ground vibrational state and, more importantly, neglecting radiative pumping by the infrared radiation. For the adopted model of the IRC+10216 envelope, results from our code show that, with the neglect of IR pumping the abundance of ammonia has to be increased by factor of about 20 to explain the measured 1 0 (s)-0 0 (a) line flux. In addition, the line profile becomes parabolic, which is characteristic of unresolved optically thick emission, in disagreement with the profiles observed by Herschel. Thus, we can conclude that the largest discrepancy in the determination of the ammonia abundance seems to be resolved. The effect of infrared pumping on the molecular abundances derived for evolved stars was previously noted in the paper of Agúndez & Cernicharo (2006) , who show that by including the ν 2 mode of H 2 O the abundance of water was decreased by a factor of ≥ 10 with respect to that derived assuming pure rotational excitation. For the specific case of NH 3 , Schöier et al. (2011) have shown that taking into account IR pumping via vibrationally excited states will decrease the abundance of ammonia by an order of magnitude. In addition, Danilovich et al. (2014) have derived the abundance of ammonia in the S-type star W Aql, including the ν 2 state in their analysis of the radiative transfer.
The early observations of the (1,1) and (2,2) inversion transitions of para-NH 3 around 23 GHz were made by Kwok et al. (1981) ; Bell et al. (1982) , and Nguyen-Q- Rieu et al. (1984) . For their assumed distance of 200 pc and mass loss rate of 2 × 10 −5 M ⊙ yr −1 , they found f (para-NH 3 ) as being between 3 × 10 −8
and 2 × 10 −8 . At the distance of 130 pc adopted here, and for optically thin transitions, the corresponding values of f (para-NH 3 ) are 0.8 × 10 −8 and 0.5 × 10 −8 , respectively, for the assumed mass loss rate of 3.25 × 10 −5 . The estimates are a factor of 4 to 6 lower than our determination of para-NH 3 abundance, namely (3.2 +0.7 −0.6 ) × 10 −8 . This difference may be due to simplifying assumptions made in the derivation of the ammonia abundance in these earlier papers. Recently, Gong et al. (2015) have inferred the abundances of ortho-and para-NH 3 from observations of their metastable inversion transitions (J, K) = (1, 1), (2, 2), (3, 3), (4, 4), (6, 6). They lie between 7.1 × 10 −8 to 1.4 × 10 −7 for ortho-NH 3 , and between 1.1 × 10 −7 and 1.3 × 10
for para-NH 3 . Here, the assumed mass-loss rate was 2 × 10 −5 M ⊙ so, for our adopted mass loss rate, the abundances correspond to values from 4.4 × 10 −8 to 8.6 × 10 −8 for ortho-NH 3 and from 6.8 ×10 −8 to 8.0 ×10 −8 for para-NH 3 . Moreover, these values are dependent on the column density of molecular hydrogen, which is uncertain by a factor of 2 (Gong et al. 2015) .
Observations of mid-IR ν 2 transitions in absorption performed by Betz et al. (1979) ; Keady & Ridgway (1993) have yielded another estimate of the total abundance of ammonia. For an assumed mass-loss rate of 2 × 10 −5 M ⊙ yr −1 , these two studies inferred total ammonia abundances of 1×10 −7 and 1.7×10 −7 , respectively. Rescaled to our adopted mass-loss rate, these values transform to 6 × 10 −8 and 1 × 10 −7 , in agreement with the total ammonia abundance derived by us f (NH 3 ) = (6.0 ± 0.6) × 10 −8 .
Finally, we note that the remaining differences -at a factor of a few -between the NH 3 abundances determined by various methods may not be so significant. The determination of the NH 3 abundances using mid-IR absorption ν 2 transitions requires an assumption for the column density of ammonia. The values range from about 2 × 10 15 cm −2 (Betz et al. 1979; Keady & Ridgway 1993) to 8 × 10 15 cm −2 (Monnier et al. 2000) . This may be compared to the total column density along the sight line to the central star in our best-fit model, 1.5 × 10 16 cm −2 . The different observations average the column density over different parts of the envelope and therefore probe different regions of the CSE. We note that the column density is very sensitive to the densest inner parts of the envelope. For example, for our model with constant velocity and with R f = 10R ⋆ the total column density drops to only 5 × 10 15 cm −2 . The assumed velocity profile in the acceleration zone also plays a role. For example, Monnier et al. (2000) had to assume a much higher column density of 8 × 10 15 cm −2 , by modifying only the behaviour of the velocity field in the inner part of the envelope, while using the model of the dusty envelope similar to the original one from Keady & Ridgway (1993) .
Ammonia formation radius
The best-fit models for ortho-and para-NH 3 , marked by + signs on the middle and on the right panels of Fig. 5 , respectively, are obtained for R f = 1.0 × 10 14 cm or 2.5 R ⋆ . This means that a lower limit on the ammonia formation radius is not provided by our model fits. On the other hand, the distribution of contours for 1, 2, and 3 σ levels on these panels show that ammonia cannot be formed too far from the stellar photosphere. At the 1σ level, the upper limit on the formation radius must be at most 20 R ⋆ , while at the 2σ level it is around 35 R ⋆ . This seems to be in rough agreement with the formation radius of ammonia as estimated by Keady & Ridgway (1993) and Monnier et al. (2000) on the basis of their analysis of mid IR lines. The analysis of Keady & Ridgway (1993) allows a distance closer than 10 R ⋆ , whereas Monnier et al. (2000) conclude that ammonia is formed at a distance ≥ 20 R ⋆ . This last conclusion was based on interferometric observations of the mid-IR bands in the continuum and at line centre and further modelling of the ratio of visibility functions.
The rotational line profiles of NH 3 were fit assuming that the velocity field is constant. However, we performed test computations with the gas velocity field inside the envelope used by Crosas & Menten (1997) . We found that they produce a narrow emission feature in the centre of the highest rotational and inversion transitions that are not seen in the observed line profiles. To remove this feature, created by the acceleration region, it was necessary to constrain the formation radius by shifting R f above 5 − 10 R ⋆ , although the quality of the fit -as measured by χ 2 red -was worse in this case. Nevertheless, it seems that the more realistic gas velocity field suggests that ammonia is not formed at the stellar photosphere as suggested by our formal fit to the rotational transitions, assuming a constant outflow velocity.
Photodissociation radius
The photodisociation radius has been constrained by observations of the of the NH 3 (1,1) and (2,2) inversion lines (Nguyen-Q-Rieu et al. 1984) . Their analysis of the observed lines required a cut-off of the molecular abundance beyond a radius of (0.6−1)×10 17 cm at the assumed distance of 200 pc. This corresponds to (4.0 − 6.5) × 10 16 cm at distance assumed in this paper, d=130 pc, and is in the range allowed by our modelling, R ph > 2 − 3 × 10 16 cm. Models for the NH 3 distribution in the circumstellar envelope of IRC+10216 presented by Decin et al. (2010) , and shown by the dotted line in Fig. 3 , predict a decrease in the ammonia abundance in the outer envelope that is more rapid than is allowed by the observations. With this type of distribution, we cannot fit the rotational lines of ammonia, especially the lowest transition of ortho-NH 3 , since its upper level is underpopulated at still quite high gas temperatures (see Figs. 1 and 3) . Similarly, this is also the case for the reduced photodissociation radius inferred from the fit to the observations of inversion lines by Gong et al. (2015) .
Line shapes
Thanks to the high signal-to-noise ratio (S/N) obtained for the ortho-NH 3 1 0 (s)-0 0 (a) spectrum, the details of the line profile are well-constrained (see bottom left panel in Fig. 2 ). Another line, the 3 2 (s)−2 2 (a) line at 1763.823 GHz, was also observed at a high S/N ratio and has an identical shape (see the middle right panel in Fig. 2 ). The energy of the upper level for these two transitions is quite different (29 and 127 K, see Table 1 ), These can be due to an excess of radiation from almost concentric rings or spiral shells as suggested in literature. We also investigated the possibility that they result from the coupling of the ortho-and para-NH 3 levels by the effects of line overlap. The computations showed that this process cannot explain the observed peaks, but it can successfully account for the 3 1 (s)−2 1 (a) at 1763.601 GHz and ortho-NH 3 3 0 (s)-2 0 (a) line at 1763.524 GHz.
